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Abstract 
Animal cell chromatin contains two types of histones: canonical and variant. Although canonical and 
variant histones have similar structures, their expression and incorporation into chromatin are regulated 
differently. Consequently, the extent of their overlap in genome functions like transcription is not 
completely understood. Canonical histones are expressed and incorporated into chromatin only during S 
phase of the cell cycle, whereas variant histones are expressed and incorporated into chromatin throughout 
the cell cycle. Drosophila melanogaster has a single locus with ~100 copies of each of the five canonical 
histone genes (H1, H2a, H2b, H3, and H4).  In Drosophila, variant histone H3.3 is encoded by two genes, 
H3.3A and H3.3B, which produce identical protein products. Importantly, these H3.3 genes are not 
located within the canonical histone gene cluster. Both canonical histone H3 and variant histone H3.3 
are highly conserved across eukaryotes. To understand H3.3 gene function, we developed a genetic 
platform involving rescue of a deletion of the endogenous canonical histone locus by a transgene 
containing 12 copies of each canonical histone gene (12xHWT; Histone Wild Type). The viability of 
12xHWT flies is a surprise because diploid fly cells normally have 200 canonical histone gene 
copies, including H3. Therefore, we hypothesized that H3.3 compensates for H3 in the 12xHWT 
background despite the two histones being deposited in different but overlapping genomic regions. We 
found that 12xHWT animals are inviable after the mutation of both H3.3A and H3.3B, indicating that H3.3 
genes can functionally compensate for reduced canonical H3 gene copy number. Furthermore, we found 
that total H3.3 levels in chromatin are higher in 12xHWT animals compared to wild type, indicating that 
H3.3 protein upregulation likely compensates for reduced canonical H3. Our research furthers our 
understanding of the functional overlap between canonical and variant histones, and provides insights 
into the functional interplay between H3.3 and H3 in a developing organism. 
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Introduction 
All genomic processes occur in the context of chromatin. Chromatin consists of an organism’s 
genetic information wrapped around a core histone protein octamer, termed a nucleosome. Approximately 
950,000 nucleosomes work together to compact large eukaryotic genomes into the nucleus. Post-
translational modifications (PTMs) of histone proteins modulate the accessibility of a cell’s genetic 
information by creating regions of loosely-packaged DNA, euchromatin, and regions of tightly-packaged 
DNA, heterochromatin. This regulation of DNA accessibility is important for all genome-based processes 
including DNA replication, transcription, and DNA damage repair. We are using Drosophila melanogaster 
genetics to study the function of histones and how they contribute to the regulation of these processes. 
There are two main types of histones present in a cell. Replication-dependent, or canonical, histones 
are expressed and incorporated into chromatin only during S-phase of the cell division cycle. Diploid 
Drosophila melanogaster cells have ~100 copies of each of the five canonical histone genes (H1, H2a, H2b, 
H3, and H4) at one locus on each homologous chromosome (for a total of ~1000 genes). Replication-
independent, or variant, histones are different—they are expressed and incorporated throughout the cell 
cycle, and there are only one or two genes encoding each variant histone. In addition, genes encoding variant 
histones are not located at the canonical histone gene locus. In Drosophila, variant versions of the H2A, 
H3, and H4 canonical histones exist as H2Av, H3.3, and His4r, respectively. Evidence supports unique 
biological functions for canonical and variant histones, but the extent of functional redundancy between 
these types of histones is not completely understood (Penke et al. 2018). 
Variant histone H3.3 is encoded by two genes, H3.3A and H3.3B, which produce identical histone 
protein products. However, H3.3B is a greater contributor than H3.3A (Leatham-Jensen et al. 2019). H3.3 
differs from its canonical counterpart, H3, by 4 amino acids in Drosophila. This difference allows for the 
recognition of H3 and H3.3 by different histone chaperone proteins, which regulate assembly and 
disassembly of nucleosomes (Shi et al. 2017). H3.3 is prevalent in transcriptionally active genomic regions 
and is enriched for different PTMs than H3, such as the acetylation of lysine 9 (H3K9ac) (Penke et al. 2018, 
McKittrick et al. 2004). However, histones H3 and H3.3 remain highly conserved across eukaryotes and 
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can compensate for one another despite being deposited in different but overlapping genomic regions 
(Ahmed and Henikoff 2002, Penke et al. 2018). In humans, mutations of variant histone H3.3 have been 
implicated in multiple diseases, including cancer. For example, H3.3 mutations that affect specific PTMs 
(mutation of lysine 27 into methionine (K27M) and glycine 34 into arginine (G34R) or valine (G34V)) are 
associated with cancer progression and have been implicated in a high proportion of malignant pediatric 
brain cancers (Yuen and Knoepfler 2013, Schwartzentruber et al. 2012). Mutations of H3.3 have also been 
found in certain bone tumors, including chondroblastoma and the giant cell tumors of the bone (Shi et al. 
2017). Current research efforts continue to focus on furthering our understanding of the role variant histones 
play in disease progression. 
   Variant histone His4r (histone 4 replacement) in Drosophila is encoded by a single copy gene that 
produces a protein identical to the cell-cycle regulated H4 canonical histone. These histones, H4 and His4r, 
are highly conserved, and their genes likely separated early in animal evolution. However, the functions of 
His4r remain largely unknown. It is predicted that because canonical histones H3 and H4 are assembled as 
(H3-H4)2 tetramers during replication, His4r may complete a similar role by incorporating with variant 
histone H3.3 into chromatin outside of replication to form (H3.3-His4r)2 tetramers (Akhmanova et al. 1996). 
Despite the advancements made in understanding variant histones and their roles in diseases, 
functional redundancy between canonical and variant histones have rendered research efforts challenging. 
Drosophila serves as an excellent model system to further our understanding of the basic functions and 
functional requirements of variant histones. In order to manipulate canonical histone gene copy number, 
we employed a genetic platform for histone replacement developed in our lab as part of a collaborative 
effort at UNC (McKay et al. 2015).  This platform replaces the 200 copies of endogenous canonical histone 
genes with a rescue transgene containing twelve copies of each canonical histone gene (Supplemental 
Figure 1). Unlike other metazoans, all endogenous canonical histone gene copies in Drosophila 
melanogaster are located at a single locus, and this organization allows for the complete deletion of these 
canonical histone genes. Then, using a bacterial artificial chromosome (BAC)-based transgenic platform, 
engineered histone transgenes are incorporated into the fly genome (Supplemental Figure 1). Using this 
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platform, a minimum of 12 copies of transgenic canonical histone genes (12xHWT; Histone Wild Type) is 
sufficient to rescue both viability and fertility; these results are surprising since Drosophila have evolved 
to have ~200 copies of each canonical histone gene (McKay et al. 2015). We hypothesize that normal 
viability and fertility of 12xHWT flies may result from the activity of variant histones. Therefore, our central 
question is whether variant histone genes functionally compensate in a genetic background with reduced 
canonical histone gene copy number. To address this question, we have created a unique experimental 
system to understand the role and regulation of replication-independent histones when replication-
dependent histones are depleted from the normal 200 copies to only 12 copies. 
Methods 
Generation of Variant Histone Deletion Genotypes 
These procedures are described in the context of H3.3, but they are also applicable to His4r. 
Drosophila genetic crosses were performed to generate experimental flies lacking the H3.3B gene in a 
12xHWT background (H3.3BΔ/Δ) or control flies either 1) heterozygous for the endogenous H3.3B variant 
histone gene in a 12xHWT background (H3.3BΔ/+) or 2) homozygous for the endogenous H3.3B variant 
histone gene in the 12xHWT background (H3.3B+/+) (Figure 1). All desired adult flies had the complete 
deletion of H3.3A from both chromosomes with the exception of H3.3B+/+ flies. In the context of His4r, 
there was no deletion of H3.3A, and the genetic crosses generated experimental flies lacking the His4r 
gene in the 12xHWT background (His4rΔ/Δ), or control flies either 1) heterozygous for the endogenous 
His4r gene in the 12xHWT background (His4rΔ/+) or 2) homozygous for the endogenous His4r gene in the 
12xHWT background (His4r+/+) (Figure 1). The H3.3B+/+ genotype and the His4r+/+ genotype are the 
same, but they are labeled separately for ease of following the separate experiments. For the complete list 
of fly strains used and crosses generated, see Supplemental Fly Strains and Crosses. For the descriptions 
of the shorthand phrases used for each of the genotypes, see Supplemental Table 1.  
Drosophila Viability Assay 
All fly stocks were maintained on standard corn medium. Adult flies from homozygous deletion, 
heterozygous deletion, and homozygous wild type crosses were counted beginning ten days post egg-laying 
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based on the presence or absence of enhanced yellow fluorescent protein (eYFP) until all adult flies eclosed, 
as described in McKay et al. 2015. Gal4 expression from one HisCΔ chromosome activated UAS-2xeYFP 
expression on the other HisCΔ chromosome, so flies homozygous for HisCΔ fluoresced green when 
activated with blue light (positive selection) (Armstrong et. al. 2018, Brand and Perrimon 1993). For H3.3, 
the H3.3B gene is on the X chromosome, so the generation of H3.3B heterozygotes resulted in only females 
with the desired genotype. Expected and observed ratios of the desired genotypes were calculated following 
the completion of counting, where H3.3B+/+ was used as the expected class since we expected the same 
viability between the control for His4r and the control for H3.3. Chi-squared analysis was performed with 
the observed ratio over expected ratio. A significant threshold of p<0.05 was used in this study. The 
expected ratio of desired adult flies to other adult flies for each cross is 1:2, with the exception of the H3.3B 
homozygous deletion cross, which had an expected ratio of 1:4.  
Genotyping by PCR 
Genotypes of scored adult flies from homozygous deletion, heterozygous deletion, and 
homozygous wild type crosses were confirmed by PCR. Gene specific amplicons were visualized via gel 
electrophoresis (Figure 2). PCR was performed using gene-specific primers for H3.3A, H3.3B, His4r, and 
12xHWT (Supplemental Table 2). For H3.3, one adult fly of each genotype was used with each set of 
primers (Figure 2A). For His4r, two biological replicates of each genotype were used (Figure 2B and 2C). 
For each cross, both the desired genotype and one of the other resulting genotypes were utilized to validate 
the genetic crosses performed. PCR products were run on 1% agarose, 1xTAE gels stained with ethidium 
bromide. The Fermentas GeneRuler™ 1kb DNA ladder was used as the standard measure. Gel images were 
taken on the Amersham Imager 600. 
Salivary Gland Polytene Chromosome Immunofluorescence 
Salivary gland polytene chromosome spreads were performed as in Armstrong et al. 2019. 
Wandering third-instar larval salivary glands were dissected in 1xPBT (0.1% Trition X-100 in PBS, pH 
7.5). The glands were fixed in (3.7% Paraformaldehyde, 1xPBT) for 2 minutes, (3.7% Paraformaldehyde, 
50% Acetic Acid) for 2 min, and moved to 1:2:3 Lactic Acid: deionized H2O: Acetic Acid solution on 
7 
 
siliconized coverslip. Polytene chromosomes were flash frozen in liquid nitrogen and stored in 1xPBT. 
Polytene chromosome spreads were incubated in Image-iT FX Signal Enhancer (Thermo Fisher) for 30 
minutes at room temperature, stained with 1:500 rabbit anti-H3.3 (Abcam, ab176840) and 1:1000 guinea 
pig anti-Mxc (multiple sex combs) (White et al. 2011) in 1xPBT overnight at 4℃, counterstained with 0.2 
µg/µL DAPI for 5 minutes at room temperature, and mounted with Prolong-Gold. Polytene chromosomes 
were imaged on a Zeiss 710 confocal microscope with the 63x objective lens. Mxc staining marks the 
histone locus body which invariably forms over the canonical histone locus as well as the 12xHWT 
transgene. In yw polytene chromosomes, Mxc staining is proximal to the chromocenter on Chromosome 
2L whereas in 12xHWT polytene chromosomes, Mxc staining is distal to the chromocenter on Chromosome 
3L (where the 12xHWT transgene was ectopically integrated). Therefore, polytene chromosome 
preparations of yw and 12xHWT genotypes can be unambiguously distinguished when performing staining 
on the same slide to reduce technical variability. ImageJ was used to measure corrected total cell 
fluorescence of the polytene DAPI and H3.3 signal intensities. H3.3 signal intensities were adjusted to 
account for differences in DAPI intensities, and then the adjusted H3.3 intensities for yw, 12xHWT and 
H3.3-null were averaged. The averages were normalized to average adjusted H3.3 intensity of yw.   
Western Blot 
Wandering third-instar larvae imaginal discs were dissected and lysed in 1x Laemmli Loading 
Buffer (2% SDS, 10% glycerol, 60mM Tris-Cl, pH 6.8, 0.01% bromophenol blue, 5% BME) for 10 minutes 
at 95℃, centrifuged at 15,000 x g for 1 minute, and brought up to final volume of 20µL with 1x Laemmli 
Loading Buffer. 10µL and 20µL of each sample and 10µL Bio-Rad Dual Precision Plus Ladder ran in a 4-
20% Mini-PROTEAN® TGX™  Precast Protein Gel (Bio-Rad) at 90V for 10 minutes and then 100V for 
45 minutes. Proteins were transferred to a 0.45µm nitrocellulose membrane (Bio-Rad) at 100V for 10 
minutes and then at 60V for 20 minutes. Membrane was incubated with 1:1000 rabbit anti-H3.3 (Abcam; 
ab176840) and 1:30,000 mouse anti-ɑ-tubulin (Sigma) overnight at 4℃, and with HRP-conjugated goat 
anti-rabbit IgG (Rockland) at 1:5000 dilution  and HRP-conjugated sheep anti-mouse IgG (GE Healthcare), 
respectively, for 1 hour at room temperature the following day. Bands were visualized by SuperSignal West 
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Pico Kit (Pierce) according to the manufacturer protocols. To normalize and quantify H3.3 bands to the 
control, ɑ-tubulin bands, ImageQuant program (GE Healthcare) was used with default parameters. All 
bands were normalized against the control, 2x yw ɑ-tubulin band.  
Results 
Histone Variant H3.3 is required for fly viability in the 12xHWT background 
Normally, flies with all 200 endogenous canonical H3 histone genes and null for variant histones 
H3.3A and H3.3B are viable and fertile, indicating that the completion of Drosophila development do not 
normally require variant H3.3 histones. To determine whether viability of 12xHWT flies requires variant 
histone H3.3, Drosophila genetic crosses were performed to generate flies 1) lacking both H3.3 genes in a 
H3.3A-null, 12xHWT background (H3.3BΔ/Δ), 2) heterozygous for the H3.3B gene in a H3.3A-null, 12xHWT 
background (H3.3BΔ/+), or 3) homozygous for the endogenous, wild type H3.3B gene in a 12xHWT 
background (H3.3B+/+). We counted the resulting adult flies from these genetic crosses and compared the 
expected and observed ratios of the H3.3 genotypes between the experimental (H3.3BΔ/Δ) and the controls 
(either H3.3BΔ/+or H3.3B+/+). Out of 912 flies counted from the H3.3B homozygous deletion cross, only 1 
fly null for H3.3 in a 12xHWT background completed development to adulthood, 0.11% observed compared 
to 19.96% expected. Chi-squared (χ2) test analyses comparing the H3.3BΔ/Δ adult flies to H3.3BΔ/+ adult flies 
and to H3.3B+/+ adult flies revealed that H3.3 was necessary for fly viability in a genetic background 
containing only 12 copies of the canonical histone genes (Figure 3A; p<0.05). 
Because fly development in a 12xHWT background required H3.3, we hypothesized that H3.3BΔ/+ 
flies would have reduced viability compared to H3.3B+/+flies. Having one copy of the H3.3B gene as 
opposed to having two copies significantly lowered adult viability as less than 50% of the expected number 
of flies survived (Figure 3B, blue bars; p<0.05, χ2 test). These data indicate that half the number of 
endogenous H3.3B histone genes is not sufficient for complete rescue of fly viability in a 12xHWT 
background. Together, these results demonstrate that tight regulation of H3.3 is necessary for the survival 
of flies with reduced canonical histone gene copy number and suggest that H3.3 compensates in a 12xHWT 
background. 
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Histone Variant His4r is not required for fly viability in 12xHWT background 
Because H3.3 is necessary to complete fly development in a 12xHWT background, we hypothesized 
that fly development in a 12xHWT background would also require other variant histones, such as His4r. To 
address this, genetic crosses were performed to produce adult flies lacking the His4r gene in the 12xHWT 
background (His4rΔ/Δ), or control flies that are either 1) heterozygous for the endogenous, wild type His4r 
gene in the 12xHWT background (His4rΔ/+) or 2) homozygous for the endogenous, wild type His4r gene in 
the 12xHWT background (His4r+/+) (Figure 1), and the expected and observed fly counts of the adult flies 
of each cross were determined. Out of 1973 flies counted from the experimental cross, 454 flies null for 
His4r in a 12xHWT background completed development to adulthood, 23.01% observed compared to 33.35% 
expected. Chi-squared analysis comparing the experimental adult flies that lack His4r in a 12xHWT 
background to adult flies homozygous for endogenous His4r in a 12xHWT background demonstrated that 
His4r was not necessary for fly viability in a genetic background of 12 copies of the canonical histone genes 
(Figure 3C; p>0.05, χ2 test). We demonstrated that adult flies heterozygous for His4r in a 12xHWT 
background had significantly reduced viability compared to His4rΔ/Δ adult flies (p<0.05; χ2 test) or His4r+/+ 
adult flies (p<0.05; χ2 test). However, because a large percentage of flies heterozygous for His4r survived 
(Figure 3B, red bars), we hypothesize that 1) factors such as the living conditions or overcrowding impacted 
viability or 2) there is some unknown genetic mechanism that differs between His4rΔ/Δ and His4rΔ/+.  
Histone Variant H3.3 protein levels increase in 12xHWT background 
Because we determined that H3.3 is required for viability in flies with reduced H3 gene copy 
number, we hypothesized that H3.3 upregulates to allow for this compensation. We first sought to visualize 
H3.3 localization genome-wide by staining salivary gland polytene chromosome spreads of wild type (yw), 
12xHWT, and H3.3-null larvae. Spreads were stained with an H3.3-specific antibody and counterstained 
with DAPI to visualize H3.3 presence within the chromosome. Mxc stained for the histone locus body 
which invariably forms over the endogenous canonical histone genes (White et al. 2011), as well as the 
12xHWT transgenes (McKay et al. 2015). This allows for the identification of wild type and 12xHWT 
chromosome spreads performed on one slide as the wild type histone locus is proximal to the chromocenter 
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on Chromosome 2L and the 12xHWT histone locus is distal from the chromocenter on Chromosome 3L 
(Materials and Methods). A visual comparison showed a difference in H3.3 signal intensity between the 
12xHWT polytene chromosome spreads and the wild type polytene chromosome spreads (Figure 4A). H3.3 
signal intensity quantification showed that 12xHWT polytene chromosome spreads (n = 10) were 74% 
brighter in their H3.3 signal compared to H3.3 signal of the wild type polytene chromosome spreads (n = 
10) (Figure 4B). The H3.3 signal intensity of the H3.3-null polytene spreads (n = 2) was only 10% of the 
H3.3 signal intensity of the wild type polytene spreads, and with the lack of specific H3.3 antibody binding 
within the polytene chromosomes of the H3.3-null images (Figure 4A and 4B), these results demonstrated 
the specificity of the H3.3 antibody for H3.3 and not H3. A closer look at the arms and the chromocenters 
of the wild type and 12xHWT polytene chromosome spreads revealed no change in the localization of H3.3 
in 12xHWT chromosomes compared to wild type chromosomes as H3.3 histones localized in the DAPI-
dim chromosome inter-bands and did not localize within the chromocenters in both genotypes (Figure 4C 
and 4D). In addition, we artificially brightened the H3.3 signal channel of the wild type polytene 
chromosome spread to further corroborate the findings that H3.3 localization within chromosomes does not 
differ between the wild type and 12xHWT polytene chromosome spreads (Figure 4E). 
To further quantify H3.3 histone presence in a 12xHWT background, we performed western blots 
(n = 2) to determine the amounts of H3.3 protein within the wing discs of wild type, 12xHWT, and H3.3-
null larvae, using wild type α-tubulin as the loading control (Figure 5A and 5B). We loaded 2x and 1x 
amounts of each genotype sample to see a gradient effect of protein that should mirror the gradient of 2x 
and 1x loading. To analyze the western blot, we quantified and normalized H3.3 protein 2x band brightness 
to their respective α-tubulin bands, and then normalized the adjusted H3.3 band brightness to the 2x yw α-
tubulin band. We determined that there was 56% more H3.3 present in 12xHWT than in wild type (Figure 
5C), indicating that there was H3.3 protein upregulation and incorporation into chromatin when there are 
fewer canonical histone genes. Importantly, with the lack of H3.3 protein bands detected in the H3.3-null 
genotype, H3.3 antibody showed specificity for H3.3 and not for H3. Together, these data demonstrate that 
within the 12xHWT background, the amount of H3.3 histone proteins upregulate and allow for the viability 
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of flies that have reduced number of canonical H3 gene copies, but H3.3 localization does not change within 
the chromatin.  
Discussion 
H3.3 is necessary to complete fly development in a 12xHWT background 
         Flies lacking both of the H3.3 genes or flies with only the 12xHWT transgene are viable and fertile 
(Sakai et al. 2009, McKay et al. 2015). However, that is not the case with flies that have both H3.3 genes 
deleted in the 12xHWT transgene background (which lacks all copies of the endogenous replication 
dependent histone genes). Since essentially all H3.3-null in 12xHWT background flies were inviable, we 
conclude that twelve copies of H3 canonical histone genes are insufficient to complete development in the 
absence of variant histone H3.3. It would be interesting to determine whether H3.3 compensates for reduced 
canonical histone gene copy number through a transcriptional or post-transcriptional upregulation 
mechanism. 
An important observation to note is that adult flies lacking H3.3 in a 12xHWT background survived 
to pupation; there were YFP-positive (homozygous for replication-dependent histone locus deletion) 
animals that successfully began pupariation. This result is in contrast to animals lacking all canonical 
histone genes, which die as embryos. However, the 12xHWT animals lacking H3.3 genes were unable to 
complete the larval-to-adult transition as only one YFP-positive adult fly was observed (Figure 2A, E+, and 
3a). This observation suggests that, at some point between third-instar larval stage and completion of the 
pupal stage, development cannot proceed. We hypothesize that the one YFP-positive fly was a genetic 
escaper that either represented the tail end of a normal distribution or survived because of a genetic mutation 
that somehow compensated for the loss of H3.3 histones. 
His4r is not necessary to complete fly development in a 12xHWT background 
         The data presented in this study support the conclusion that His4r is not necessary for fly viability 
when canonical histone gene copy number is reduced. Although expected ratios of desired adult flies to 
other adult flies for the His4rΔ/Δ and His4rΔ/+crosses were 1:2, the observed fly count did not reach the 
expected 33.33% because the flies with the desired genotypes were outcompeted by the other, HisCΔ 
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heterozygous adult flies that had an additional 100 copies of canonical histone genes (Penke et al. 2016). 
Data generated from this study do not explain whether His4r is functionally redundant with canonical H4 
in the 12xHWT background. Another unexplainable observation of this experiment is the significance of 
adult flies heterozygous for His4r in comparison to His4rΔ/Δ and His4r+/+ adult flies (Figure 3C). As the 
function of His4r is largely unknown, it remains important to further investigate the effect of reducing 
canonical histone gene copy number on the molecular regulation of His4r.  
Differential requirement of histone variants in 12xHWT background 
The central question of this study was to determine whether variant histones genetically compensate 
when canonical histone gene copy number is reduced. The experimental differences between the observed 
flies that lack either both H3.3 genes or the His4r gene in a 12xHWT background are significant, 
demonstrating that there is a differential requirement for H3.3 and His4r in a 12xHWT background. Because 
there is no significant difference between complete deletion of His4r and having the endogenous His4r 
genes, His4r regulation is not necessary for fly viability (Figure 3B, red bars). However, when comparing 
the percent observed between H3.3BΔ/Δ and H3.3B+/+ Drosophila, there was a 68.27% difference. This 
supports the conclusion that the variant histone H3.3 is necessary for full viability of flies when the 
canonical histone genes are deleted. The percent of observed flies of the expected total for the H3.3BΔ/+ 
adult flies (26.85%) was greater than that of the H3.3BΔ/Δ adult flies (0.55%) (Figure 3B, blue bars). Yet, 
the difference in percentages between H3.3BΔ/+and H3.3B+/+was 42.51%, indicating that while having at 
least one H3.3 gene provided partial rescue, one copy of H3.3B was not sufficient for complete rescue of 
fly viability. These conclusions strongly show that H3.3 genetically compensates for Drosophila 
development when canonical histone gene copy number is reduced. 
         While these data suggest that H3.3 compensates in a 12xHWT background, this does not sufficiently 
explain the mechanism for how 12xHWT flies can survive despite the reduced number of canonical histones 
present. One possible mechanism that allows for the survival of Drosophila melanogaster flies with only a 
12xHWT transgene for canonical histone production is the upregulation of variant histone mRNA or protein 
level. 
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Upregulation of H3.3 protein level allows for compensation in 12xHWT background 
  Our results demonstrate greater levels of H3.3 histone protein within the 12xHWT genotype. The 
polytene chromosome spreads show that H3.3 continues to localize in the chromosome inter-bands between 
wild type and 12xHWT genotype and not within chromocenters (Figure 4C and D). The localization of H3.3 
in the euchromatic regions of the chromosomes as opposed to heterochromatic regions indicates the 
importance of canonical histone H3 function within the transcriptionally active euchromatic regions. 
Importantly, the increased brightness of H3.3 signal compared to wild type indicates greater H3.3 proteins 
in 12xHWT compared to wild type. 12xHWT polytene chromosome spreads are 74% brighter in their H3.3 
signal compared to H3.3 signal of the wild type yw polytene chromosome spreads (Figure 4A and 4B). 
Western blotting and the quantification of western blot band signals further support the findings of the 
polytene chromosome spreads. There is 56% more signal in the H3.3 bands of the 12xHWT genotype than 
in the wild type, indicating that there is a greater amount of H3.3 protein within 12xHWT cells compared 
to wild type cells. However, the actual percentage increase in H3.3 protein levels is still unknown. The lack 
of specific H3.3 antibody binding within the polytene chromosomes and western blots of the H3.3-null 
genotype demonstrate the specificity of the H3.3 antibody for H3.3 and not H3 (Figure 4A, 4B, 5B, and 
5C).  
 In summary, our study shows the necessity of variant histone H3.3 in the viability of flies in the 
12xHWT background. The lack of significant inviability of flies with homozygous and heterozygous His4r 
deletion also suggests that this necessity is not true for all variant histones. When considering the 
mechanism by which H3.3 compensates for reduced canonical histone gene copies, our polytene 
chromosome spreads and western blots show an increase in the amount of H3.3 protein present within cells 
and deposited into chromosomes. These data suggest a transcriptional or post-transcriptional level of 
regulation on H3.3 histones. In combination with preliminary RNA-seq data that suggest that H3.3A or 
H3.3B RNA transcript levels do not increase (not shown), we consider post-transcriptional regulation a 
more likely mechanism. A possible post-transcriptional mechanism of H3.3 histone regulation may be the 
upregulation of H3.3 deposition in chromatin by H3.3 chaperone proteins. 
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As our data suggest, H3.3 protein deposition as the compensatory mechanism for H3 when H3 gene 
copy number is reduced is important, so we plan to look to the role of H3.3 chaperones play in the 
compensatory mechanism. H3.3 has three different chaperone proteins, DAXX, XNP, and HIRA. The 
DAXX-XNP complex deposits H3.3 into heterochromatin while HIRA deposits H3.3 into euchromatin 
(Drane et al. 2010, Goldberg et al. 2010, Ray-Gallet et al. 2002). Therefore, the future direction of our study 
will look at the effect of H3.3 chaperone mutation on H3.3 deposition into chromatin. We hypothesize that 
the mutation of XNP or HIRA will result in inviable 12xHWT flies because the lack of H3.3 deposition by 
either of these chaperone proteins hinders H3.3 from providing compensatory functions in place of H3. We 
also hypothesize that there will be a greater effect on inviability with the HIRA mutation compared to an 
XNP mutation because H3.3 prefers to be deposited in euchromatic regions, which is the primary function 
of H3.3 chaperone protein HIRA.  
  We continue to explore the functional overlap between canonical and variant histones to further 
our understanding of canonical and variant histones, and our research provides new insights into the 
functional interplay between H3.3 and H3 in a developing organism. 
Acknowledgements 
 This work was supported by the Summer Undergraduate Research Fellowship from the Office for 
Undergraduate Research at UNC-Chapel Hill awarded to E.H.K. and NIH Grants R01-GM124201 
awarded to the Duronio Lab. I thank Robert Duronio, Robin Armstrong, and Taylor Penke for their 
guidance in experimentation and scientific writing, Mary Leatham-Jensen for help with the western blot 
analysis, Tony Perdue (Microscopy Core Specialist) for help with confocal imaging, and the Duronio 
Lab.  
  
15 
References 
Penke TJR, McKay DJ, Strahl BD, Matera AG, Duronio RJ. 2018. Functional Redundancy of Variant and 
Canonical Histone H3 Lysine 9 Modification in Drosophila. Genetics. 208:1, 229-244. 
Leatham-Jensen M, Uyehara CM, Strahl BD, Matera AG, Duronio RJ, McKay DJ. 2019. Lysine 27 of 
replication-independent histone H3.3 is required for Polycomb target gene silencing but not for 
gene activation. PLoS Genet. 15:1, e1007932. 
McKittrick E, Gafken PR, Ahmad K, Henikoff S. 2004. From The Cover: Histone H3.3 is enriched in 
covalent modifications associated with active chromatin. Proc. Natl. Acad. Sci. USA. 101:6, 1525–
1530.
Shi L, Wen H, Shi X. 2017. The Histone Variant H3.3 in Transcriptional Regulation and Human Disease. 
J. Mol. Biol. 428:13, 1934-1945.
Ahmad K, Henlkoff S. 2002. Histone H3 variants specify modes of chromatin assembly. PNAS. 99, 
16477-16484. 
Yuen BTK, Knoepfler PS. 2013. Histone H3.3 Mutations: A Variant Path to Cancer. Cancer Cell. 24:5, 
567-574. 
Schwartzentruber J, Korshunov A, Liu XY, Jones DT, Pfaff E, Jacob K, Sturm D, Fontebasso AM, 
Quang DA, Tönjes M, et al. 2012. Driver mutations in histone H3.3 and chromatin remodelling 
genes in paediatric glioblastoma. Nature. 482, 226-231 
Akhmanova A, Miedema K, Hennig W. 1996. Identification and characterization of the Drosophila histone 
H4 replacement gene. FEBS Lett. 388, 219-222. 
McKay DJ, Klusza D, Penke TJR, Meers MP, Curry KP, McDaniel SL, Malek PY, Cooper SW, Tatomer 
DC, Lieb JD, Strahl BD, Duronio RJ, Materia AG. 2015. Interrogating the Function of Metazoan 
Histones using Engineered Gene Clusters. Dev. Cell. 32, 373-386 
Armstrong RL, Penke TJR, Strahl BD, Matera AG, McKay DJ, MacAlpine DM, Duronio RJ. 2018. 
Chromatin conformation and transcriptional activity are permissive regulators of DNA replication 
initiation in Drosophila. Genome Res. 28:11, 1688–1700.  
16 
 
Brand AH, Perrimon N. 1993. Targeted gene expression as a means of altering cell fates and generating  
dominant phenotypes. Development. 118, 401-415. 
Armstrong RL, Penke TJR, Chao S, Gentile G, Strahl BD, Matera AG, McKay DJ, Duronio RJ. 2019.  
H3K9 Promotes Under-Replication of Pericentromeric Heterochromatin in Drosophila Salivary 
Gland Polytene Chromosomes. Genes. 10:2, 93.  
White AE, Burch BD, Yang XC, Gasdaska PY, Dominski Z, Marzluff WF, Duronio RJ. 2011. Drosophila  
histone locus bodies form by hierarchical recruitment of components. J. Cell Biol. 193:4, 677–694.  
McKay DJ, Strahl BD, Matera AG, Duronio RJ. 2016. Direct interrogation of the role of H3K9 in metazoan  
heterochromatin function. Genes Dev. 30, 1866-1880. 
Sakai A, Schwartz BE, Goldstein S, Ahmad K. 2009. Transcriptional and developmental functions of the  
H3.3 histone variant in Drosophila. Curr. Biol. 19, 1816–1820. 
Drane P, Ouararhni K, Depaux A, Shuaib M, Hamiche A. 2010. The death-associated protein DAXX is  
a novel histone chaperone involved in the replication-independent deposition of H3.3. Genes Dev. 
24, 1253–1265. 
Goldberg AD, Banaszynski LA, Noh KM, Lewis PW, Elsaesser SJ, Stadler S, Dewell S, Law M, Guo X,  
Li X, et al. 2010. Distinct Factors Control Histone Variant H3.3 Localization at Specific Genomic 
Regions. Cell. 140, 678–691. 
Ray-Gallet D, Quivy JP, Scamps C, Martini EM, Lipinski M, Almouzni G. 2002. HIRA is critical for a  
nucleosome assembly pathway independent of DNA synthesis. Mol. Cell. 9, 1091–1100. 
  
17 
Figures 
Figure 1. Table of desired genotypes from cross progeny, simplified. Table shows desired genotypes of 
adult flies with 0 copies, 1 copy, or 2 copies of H3.3B or His4r variant histone genes. The expected ratio 
of desired adult flies to other adult flies for each cross was 1:2, with the exception of the H3.3B 
homozygous deletion cross, which had an expected ratio of 1:4. 
Genotype Description 
H3.3AΔ Deletion of histone variant H3.3A 
H3.3BΔ Deletion of histone variant H3.3B 
His4rΔ Deletion of histone variant His4r 
HisCΔ Deletion of canonical histone genes 
HWT Transgene of 12 copies of canonical 
histone genes 
+ Wild type chromosome 
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Figure 2. Confirmation of adult fly genotypes from genetic experiments. (A) H3.3 and 12xHWT 
genotyping in H3.3 experiment. ~600 bps PCR product indicates wild type H3.3A (top arrow). ~500 bps 
PCR product indicates H3.3B (middle arrow). Bottom panel: 383 bps PCR product contains 12xHWT (top 
arrow). 191and 192 bps PCR products lack 12xHWT (bottom arrow). (B) His4r genotyping in His4r 
experiment. ~2000 bps PCR product contains His4r gene (top arrow). ~1100 bps PCR product lacks 
His4r gene (middle arrow). (C) 12xHWT genotyping in His4r experiment. 302 bps PCR product indicate 
12xHWT is present. 
20 
Figure 3. Comparison of fly viability between variant histones His4r and H3.3 according to histone 
variant gene copy number. (A) Observed and expected fly totals for the desired genotypes H3.3BΔ/Δ and 
H3.3BΔ/+. Significance was determined by chi-squared analysis (p<0.05 for H3.3BΔ/Δ and H3.3BΔ/+). (B) 
Percentage observed of expected between His4r and H3.3 adult flies depending on variant histone dosage 
(Δ/Δ = homozygous deletion of variant histone genes; Δ/+ = heterozygous deletion of variant histone 
genes; +/+ = homozygous endogenous variant histone genes). The control genotype for both His4r and 
H3.3 utilized the same % observed of expected. (C) Observed and expected fly totals for the desired 
genotypes His4rΔ/Δ and His4rΔ/+. Significance was determined by chi-squared analysis (p>0.05 for 
His4rΔ/Δ; p<0.05 for His4rΔ/+). *p-value conducted with χ2 test. The expected value used to calculate p-
value was the observed total of the His4r+/+or the H3.3B+/+ count. Data was significant if p<0.05. 
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Figure 4. Polytene chromosome H3.3 protein localization in 12xHWT animals. Scale bar = 10 μm. (A) 
Polytene chromosome spreads stained for H3.3 and Mxc, and counterstained for DAPI. Mxc stains for the 
endogenous or transgenic histone locus. (B) H3.3 signal intensities of yw (n = 10, mean ± s.d.), 12xHWT 
(n = 10, mean ± s.d.), and H3.3-null (n = 2, mean ± s.d.) genotypes using corrected total cell fluorescence, 
adjusted for individual differences in DAPI signal intensities, and normalized against yw adjusted H3.3 
signal intensity. (C) Representative chromosome arms with H3.3 and DAPI patterns. In yw and 12xHWT, 
H3.3 localizes in DAPI-dim inter-bands (green arrowheads) but not in DAPI-bright bands (blue 
arrowheads). (D) Representative chromocenters with H3.3 and DAPI patterns. In yw and 12xHWT, H3.3 
does not localize in the chromocenter. (E) Artificial brightening of yw H3.3 channel. The yw H3.3 
channel was brightened to demonstrate that H3.3 localizes similarly between yw and 12xHWT. 
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Figure 5. Increased H3.3 protein in 12xHWT genotype. (A) Western blot of wild type (yw) and 12xHWT 
genotypes stained for α-tubulin (control; α-tubulin antibody-1:30,000) and H3.3 (H3.3 antibody-1:1000). 
(B) Western blot of H3.3-null genotype confirming specificity of the H3.3 antibody. (C) Comparison of
the 2x band volumes between the three genotypes (n = 2, mean ± s.d.). Bands were normalized to 2x yw 
α-tubulin.  
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Supplemental 
 
Figure 1. The histone replacement platform in which the endogenous canonical histone genes are deleted 
from the single locus on chromosome 2L. A bacterial artificial chromosome (BAC)-based transgenic 
platform was used to engineer the 12xHWT transgene (McKay et al. 2015).  
  
25 
 
Table 1. Descriptions of the shorthand phrases used for each genotype. The symbol + indicates a wild 
type chromosome. 
  
Shorthand Descriptions 
H3.3BΔ/Δ Homozygous deletion of H3.3B in the H3.3A-null, 12xHWT background 
H3.3BΔ/+ Heterozygous deletion of H3.3B in the H3.3A-null, 12xHWT background 
H3.3B+/+ Homozygous endogenous H3.3B in the 12xHWT background 
His4rΔ/Δ Homozygous deletion of His4r in the 12xHWT background 
His4rΔ/+ Heterozygous deletion of His4r in the 12xHWT background 
His4r+/+ Homozygous endogenous His4r in the 12xHWT background 
Δ/Δ Homozygous deletion of variant histone genes in their respective background 
Δ/+ Heterozygous deletion of variant histone genes in their respective background 
+/+ Homozygous endogenous variant histone genes in their respective background 
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Table 2. Primers used in PCR. All primers are from Integrated DNA technologies. 
  
Primers for: 
 
Sequence (5’ to 3’) Expected Products 
H3.3A F CAATCCCCGTCGAATCACAC ~600 bp PCR product 
(Figure 2A, yellow) 
results when H3.3A is 
present. 
 
R TCCACAGCGCTGACTAAAGA 
H3.3B F GCTAAGCTTCATTTGCACACC ~500 PCR products 
(Figure 2A, pink) results 
when H3.3B is present. R TGTACTCGATTCGGTCTTCG 
12xHWT--H2A 
restriction 
enzyme 
F GGCCATGTCTGGACGTGGAAAAGGT 383 bp PCR products 
(Figure 2A, blue) result 
when 12xHWT is present. 
191 and 192 bp PCR 
products result when 
12xHWT is absent 
(McKay et al. 2015). 
 
R GGCCTTAGGCCTTCTTCTCGGTCTT 
His4r  F  GTCACTCACAGAAGAGGCCG ~2000 bp PCR product 
(Figure 2B) results when 
His4r is present. ~1100 bp 
PCR product results when 
His4r is absent. 
 
R GCTGCGCCGTTAGATAAAGC 
12xHWT--VK33 attP 
Forward  
CCTTCACGTTTTCCCAGGT  302 bp PCR product (see 
Figure 2C) results when 
12xHWT is present.  
attP 
Reverse 
CGACTGACGGTCGTAAGCAC 
attB 
Reverse 
AGTGTGTCGCTGTCGAGATG 
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Fly Strains and Crosses 
H3.3 Viability Assay Genotypes 
yw (WT) (Bloomington) 
yw; H3.3AΔ, HisCΔ, UAS-2xeYFP; 12xHWT (Bloomington) 
H3.3BΔ; H3.3AΔ, HisCΔ, UAS-2xeYFP / CyO (Bloomington) 
H3.3BΔ / +; H3.3AΔ, HisCΔ, UAS-2xeYFP / CyO; 12xHWT / + (generated) 
H3.3BΔ; H3.3AΔ, HisCΔ, twi-Gal4 / CyO (Bloomington) 
yw; H3.3AΔ, HisCΔ, UAS-2xeYFP / CyO; 12xHWT (Bloomington) 
For H3.3BΔ/Δ adult flies, three male H3.3BΔ / Y; H3.3AΔ, HisCΔ, UAS-2xeYFP / CyO; 12xHWT / + flies 
were crossed with ten female H3.3BΔ; H3.3AΔ, HisCΔ, twi-Gal4 / CyO flies. For H3.3BΔ/+ adult flies, 
three male yw; H3.3AΔ, HisCΔ, UAS-2xeYFP / CyO; 12xHWT flies were crossed with ten female 
H3.3BΔ; H3.3AΔ, HisCΔ, twi-Gal4 / CyO.  
His4r Viability Assay Genotypes 
yw; HisCΔ, UAS-2xeYFP / CyO; 12xHWT, His4rΔ / + (Bloomington) 
yw; HisCΔ, twi-Gal4 / CyO; His4rΔ (Bloomington) 
yw; HisCΔ, twi-Gal4 / CyO (Bloomington) 
For His4rΔ/Δ adult flies, three male yw; HisCΔ, UAS-2xeYFP / CyO; 12xHWT, His4rΔ / + flies were 
crossed with ten female yw; HisCΔ, twi-Gal4 / CyO; His4rΔ flies. For His4rΔ/+ adult flies, three male yw; 
HisCΔ, UAS-2xeYFP / CyO; 12xHWT, His4rΔ / + flies were crossed with ten female yw; HisCΔ, twi-
Gal4 / CyO flies. 
Control Genotype for Viability Assays 
yw; HisCΔ, UAS-2xeYFP / CyO; 12xHWT / + (Bloomington) 
yw; HisCΔ, twi-Gal4 / CyO (Bloomington) 
For homozygous endogenous H3.3B or His4r adult flies, three male yw; HisCΔ, UAS-2xeYFP / CyO; 
12xHWT / + flies were crossed with ten female yw; HisCΔ, twi-Gal4 / CyO flies.  
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All stocks and crosses were maintained at 25°C on standard corn medium and flipped into new vials 
regularly. 
